A series of Pt-Sn/C catalysts used as anodes during ethanol oxidation are synthesized by a deposition process using NaBH 4 as the reducing agent. The order in which the precursors are added affects the electrocatalytic activity and physical-chemical characteristics of the bimetallic catalysts, where the Pt-Sn catalyst prepared by co-precipitation of both metals functions best below a potential of 0.5 V and the catalyst prepared by sequential deposition of Sn and Pt (drying after Sn addition) is most active above a potential of 0.5 V. The electrochemical behavior of catalysts during ethanol oxidation in an acidic medium are characterized and monitored in a halfcell test at room temperature by cyclic voltammetry, chronoamperometry and anode potentiostatic polarization. Catalyst structure and chemical composition are investigated by transmission electron microscopy (TEM), X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). This behavior presented for best Pt-Sn catalyst can be attributed to the so-called bifunctional mechanism and to the electronic interaction between Pt and Sn.
Introduction
Fuel cells can produce electric energy directly from the oxidation of chemical products, and fuel cells using alcohols (direct alcohol fuel cells or DAFC) are attractive as power sources for mobile, stationary and portable applications [1] [2] [3] [4] . Alcohols (mainly methanol) are possible fuels for mobile applications, and the direct oxidation of methanol in fuel cells has been widely investigated [5] [6] [7] [8] . Wang et al. [9] found that ethanol serves as an alternative fuel, having an electrochemical activity comparable to methanol. Among alternative fuels, ethanol is a promising candidate since it can be readily produced from renewable sources and is less toxic than methanol [8] .
The high activity and stability of Platinum metal, especially in acidic environments, makes it a suitable catalyst for electrooxidation of many small organic molecules. However, in the case of ethanol, complete oxidation to CO 2 is more difficult (than methanol) due to the C-C bond cleavage and the strong adsorption of reaction intermediates which poison the Pt anode [10, 11] .
In this context, it is of great importance to develop anode catalysts for ethanol electrooxidation with greater activity than pure Pt to improve the performance of a direct ethanol fuel cell.
Efforts to mitigate Pt poisoning have been concentrated on the addition of co-catalysts, particularly Ru and Sn [1, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] as well as Pb, Sb, Rh, Mo, Os and Ir [23, 25] , while ternary PtRu-Sn catalysts have been also recommended as suitable materials [15] . Among various Pt-based binary catalysts, Pt-Sn supported by carbon materials (Pt-Sn/C) [1, 8, 11, 12, 21, [26] [27] [28] are effective during the electrooxidation of ethanol in an acid environment, which directly contrasts with the oxidation of methanol, where the most effective catalysts are Pt-Ru/C systems [1, 29] .
As for methanol oxidation, the superior performance of these binary electrocatalysts during ethanol oxidation when compared to pure Pt is attributed to the bifunctional effect (promoted mechanism) [30] and the electronic interaction between Pt and other metals in the alloy (intrinsic M A N U S C R I P T
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4 mechanism) [31] . For the promoted mechanism, the oxidation of strongly-adsorbed oxygencontaining species is facilitated by the presence of tin oxides which supply oxygen atoms to an adjacent site at a lower potential than pure Pt. The intrinsic mechanism postulates that Sn modifies the electronic structure of Pt, and as a consequence, the adsorption of oxygen-containing species.
The activity-promoting effect of Sn on Pt catalysts has been controversial, and diverse viewpoints have focused on the effects of either alloying Sn with Pt or adding SnO 2 to improve catalytic activity. Delime et al. [17] prepared bimetallic non-alloyed Pt-Sn catalysts and observed the presence of non-alloyed Sn led to increased current densities during the electrooxidation of ethanol. Jang et al. [32] compared the catalytic activity of a partially-alloyed Pt-Sn catalyst with that of a quasi-non-alloyed Pt-SnO x catalyst, where the Pt-SnO x catalyst shows higher catalytic activity during ethanol electrooxidation than the Pt-Sn alloy. The authors suggest the unchanged lattice parameter of Pt in the Pt-SnO x catalyst is favorable to ethanol adsorption, and the tin oxide present in the vicinity of Pt nanoparticles could provide active oxygen species to remove the COlike ethanolic residues and clean the Pt active sites.
Preparation procedures and Pt:Sn atomic ratios influence the performance of Pt-Sn/C electrocatalysts [11, 12, 26] . Lamy et al. [18, 33, 34] suggest an optimum composition for Sn in the 10-20 mole % range for catalysts prepared by a co-impregnation-reduction method. Zhou et al. [22] report the optimum composition is 33-40 mole % of Sn depending on the DAFC operation temperature. Jiang et al. [20] show that Pt-Sn/C electrocatalysts with Pt:Sn molar ratios of 66:33, 60:40 and 50:50 were more active than electrocatalysts with 75:25 and 80:20 molar ratios. Spinacé et al. [35] investigated the activity of Pt-Sn/C electrocatalysts with varied Sn contents during ethanol oxidation using cyclic voltammetry, where the optimum Sn content in the catalyst depended upon the ratio between alloyed and non-alloyed Sn.
The physical-chemical properties of Pt-Sn electrocatalysts can be controlled by the preparation method. Lamy et al. [18, 33] and Xin et al. [32, 35] investigated ethanol oxidation using carbon-supported Pt-Sn catalysts prepared by a co-impregnation reduction method [18] and a modified polyol process [36] , while Bonnemann et al. [37, 38] developed a colloidal method to prepare unsupported and supported metals, which were then used to prepare carbonsupported fully non-alloyed Pt-Sn catalysts. Liu et al. [39] prepared carbon-supported Pt-Sn nanoparticles by a microwave-heated polyol process and Kim et al. [40] synthesized Pt-Sn/C catalysts using a borohydride reduction method followed by freeze-drying without heat treatment.
The methods developed by both Liu et al. [39] and Kim et al. [39, 40] result in the formation of small and uniform Pt-Sn nanoparticles highly-dispersed on the carbon support.
Carbon-supported catalysts can also be formed by the reduction of precursors with formic acid [19] . Others structures of Pt-based intermetallic and core/shell nanoparticles such as Pt/Sn are gaining attention due to their performance in many chemical and electrochemical reactions [41] .
Silva et al. [12] carried out a systematic study of the formation of core-shell SnO 2 @Pt/C structures using a novel preparation method based on a salt reduction process.
As the physical-chemical properties and electrocatalytic activity of these catalysts during ethanol oxidation depend on the synthesis method, this study investigated the effect of Pt and Sn addition order during the synthesis of Pt-Sn/C catalysts by a deposition process using NaBH 4 as the reducing agent. The catalysts were characterized by transmission electron microscopy (TEM), X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS), while the electrocatalytic behavior of these catalysts during ethanol oxidation in acid medium were studied by cyclic voltammetry, chronoamperometry and quasi-stationary potentiostatic polarization.
Experimental
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Preparation of catalysts
The carbon support used was carbon black N330 (Alfa Aesar) with a BET area of 75 m 2 *g.
The catalysts consisted of 20% (w/w) metal (Pt + Sn) on carbon with a nominal Pt:Sn molar ratio of 3:1, where the addition order of several metal precursor was studied:
i) Pt 3 @Sn 1 : Sequential reductive deposition, first adding Sn and then Pt.
ii) Pt 3 @Sn 1 -Intermediate: Prepared as for i, but dried after the addition of Sn.
iii) Pt 3 -Sn 1 : Both metals co-precipitated.
iv) Pt/C: Synthesized as for iii in the absence of Sn and used as the reference material.
Catalysts were synthesized by a deposition method using NaBH 4 as the reducing agent based on the procedure of Kaplan et al. [6] . The carbon support was added to 0. 
Catalysts characterizations
The crystalline structure was determined by X-ray diffraction in a Seifert powder diffractometer using CuKα radiation (0.15418 nm). The diffractograms were registered at 2θ
angles from 20 to 80 º, with a step of 0.02º and a time per step of 3 seconds. The working conditions of the powder diffractometer were 1600 kW, a tension of 40 kV and a current of 40
XPS characterization was carried out in a VG-Microtech Multilab 3000 electron spectrometer using a Mg-Kα (1253.6 eV) radiation source. To obtain the XPS spectra, the pressure of the analysis chamber was maintained at 5·10 -10 mbar and the binding energy (BE)
scale was adjusted by setting the C1s transition to 284.6 eV.
Transmission electron microscopy images were obtained using a JEOL (JEM-2010) microscope at 200 kV. A few droplets of an ultrasonically-dispersed suspension of each catalyst in ethanol were deposited on a copper grid with lacey carbon film and dried at ambient conditions for TEM characterizations. Particle size distributions were based upon ~200 particles for each catalyst.
Electrochemical measurements
Electrochemical measurements were performed at room temperature using an Autolab
Model PGSTAT 30 potentiostat/galvanostat. Experiments were carried out in a glass cell (one compartment) using a conventional three-electrode configuration (half-cell), and Boron-doped
diamond (BDD) electrodes, prepared by the Centre Suisse d'Electronique et de Microtechnique
SA (CSEM), Neuchâtel, were used as substrates for the electrocatalytic materials [42] . The boron content was ~800 ppm and the area of the working electrode exposed to the solution was 0.075
The reference system consisted of a hydrogen electrode in the same solution (HESS)
connected by a Luggin capillary, and a Pt coil (0.5 cm 2 ) was used as the counter-electrode. All potentials were referred to the reversible hydrogen electrode (RHE). Nitrogen gas was bubbled through all solutions for 15 min before starting each electrochemical test. 
Results and discussion

Physical-chemical characterization of electrocatalysts
XRD characterization
Catalyst X-ray powder diffraction patterns are shown in Figure 1 . X-ray diffractograms showed two bands at 26° and 44°, assigned to the (002) and (100) planes of the graphite-like crystalline structure of the carbon support, respectively. The diffraction peaks at 2θ of 39.9°, 46.5° and 67.8° were assigned to the Pt (111), (200), and (220) planes, respectively (see JCPDS 04-0802 reference included in Figure 1 ), which represented the typical character of a polycrystalline Pt-face centered cubic (fcc). Peaks of pure Sn or Sn oxides were not found, though their presence in small amounts or in an amorphous form cannot be discounted.
The Pt (220) peak broadening was used to calculate the average particle size according to Scherrer's equation. The average particle size and lattice parameter are given in Table 1 black Pt particles were dispersed on the carbon support and aggregates were also seen. The formation of aggregates appeared to be favored by the addition of Sn, since they were not seen on the Pt/C reference catalyst. The average sizes of the particles obtained by TEM (inset in Figure 2 and data in Table 1 ) agreed with values calculated from XRD patterns.
XPS characterization
XPS analysis provided information about catalyst surface composition. The XPS survey analysis of the catalysts (survey of Pt 3 @Sn 1 -Intermediate is included in Figure 3 as an example)
indicated that sodium and boron were present on the catalyst surface due to NaBH 4 being used as the reducing agent, while chlorine was not detected. The oxidation states of Pt and Sn were studied by XPS following the Pt 4f and Sn 3p transitions, respectively. The Pt 4f spectral profiles for Pt-Sn/C catalysts are included in Figure 4 , where the Pt 4f region displayed spin-orbital splitting of the 4f 7/2 and 4f 5/2 states. In Figure 4 , the maximum energies of the main bands for all samples appeared at 71.6 eV and 74.8 eV, suggesting the presence of metallic Pt, and the binding energy values for metallic Pt were in agreement with published data [45] . In order to identify higher Pt oxidation states, the broad profiles could be deconvoluted into four different peaks with maxima at 71.6, 72.6, 74.8 and 75.7 eV, which corresponded to different oxidation states of Pt.
The deconvoluted peaks centered at 72.6 and 75.7 eV could be attributed to the Pt 2+ and Pt 4+ species, respectively [46] , while those at 71.6 and 74.8 eV were attributed to metallic Pt. The binding energy of the metallic Pt peaks (71.6 eV) was slightly higher than typical values reported in the literature (70.7 -71.1 eV) [47] , which could be explained by the small particle size of Pt or M A N U S C R I P T Table 2 ). The higher fraction of metallic Sn observed on Pt 3 -Sn 1 , which was in agreement with the formation of a metallic Pt-Sn alloy indicated by XRD, could explain the improved interaction with Pt. Intermediate and Pt/C, which could indicate there were less Pt species on the surface of this catalyst. Based on these data, the structure of peaks in the electrochemical profiles appeared to depend predominantly on the preparation method.
A C C E P T E D
Electrochemical characterization
The electrocatalytic activities of the different catalysts during the oxidation of ethanol were compared by cyclic voltammetry, chronoamperometric and quasi-steady-state polarization measurements at room temperature. Figure 7 shows the anodic scan of the cyclic voltammetries for the different electrocatalysts, and the inset in Figure 7 shows the higher overpotential regions Table 2 Percentage of different Pt species observed from the XPS data. 
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Catalyst
